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Abstract 
Biogeochemical processes in northern peatland ecosystems are influenced by 
seasonal temperature fluctuations that are becoming altered with changes in climate. 
Since mercury is commonly found in peatlands, it is important to understand how 
temperature impacts mercury dynamics. This study investigates how changes in 
temperature influences belowground concentrations of total mercury (THg), 
methylmercury (MeHg), and dissolved organic carbon (DOC) in peat pore waters. Four 
large peat columns were removed from an ombrotrophic peat bog and exposed to 
experimental warming, freezing, and thawing. Pore water was sampled across seven 
depths in the peat columns during the different temperature treatments and analyzed for 
THg, MeHg, and DOC concentrations. Results indicated that a 2°C air temperature 
increase during warming was not great enough to change the THg and MeHg 
concentrations in the peat pore water. Freezing resulted in significant decreases in THg 
and MeHg concentrations and showed evidence of THg exclusion from the ice structure. 
During thawing, THg concentrations significantly increased while MeHg concentrations 
remained low. Depth results showed increased bulk density and decreased THg, MeHg, 
and DOC after 15 cm, which may be indication of the mesotelm layer in the peat 
columns. These findings fill a gap in peatland research by providing data related to how 
the freeze-thaw cycle impacts mercury dynamics in peat pore water.  
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1. Introduction 
1.1 Overview 
Investigating warming, freezing, and thawing transitions will provide better 
understanding of current temporal biogeochemical processes within ecosystems and the 
possible impacts of climate change. Warm temperatures are often associated with 
increased microbial activity (Sokolova, 2010) and increased biogeochemical processing 
(Fu et al., 2013; Wang et al., 2013). However, freeze-thaw cycling is also important and 
can change belowground soil and water chemistry by mechanisms, such as ice exclusion 
(Kadlec, 1984; Kadlec et al., 1988) or physical disruption from thawing frozen soil 
(Corbett-Hains et al., 2012; Hodgkins et al., 2014; Matzner & Borken, 2008; Yu, 2013). 
As temperatures warm, especially at higher latitudes (Sebestyen et al., 2011), climate 
change could disrupt these freeze-thaw mechanisms. It is relatively unknown how much 
impact freeze-thaw cycles have on the biogeochemical cycling of mercury (Hg). The 
purpose of this study is to fill a gap in research by examining belowground dissolved Hg 
concentration profiles to understand Hg movement in a peatland during a full seasonal 
cycle. Peatlands are critical ecosystems because of important Hg-related biogeochemical 
processes that occur there and affect downstream water quality. 
1.2 Peatlands 
A peatland is an organic soil wetland that forms when the primary productivity of 
plants is greater than their decomposition, which happens under waterlogged or anaerobic 
conditions (Batzer & Sharitz, 2014). Ombrotrophic bogs are a specific type of peatland 
that receive water primarily by precipitation, which results in these bogs having low 
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nutrients, low pH, and makes them especially susceptible to pollutants deposited by 
atmospheric deposition (Batzer & Sharitz, 2014). Mercury, a harmful pollutant, can be 
deposited from the atmosphere onto terrestrial environments, such as peatlands (Kolka et 
al., 1999b; Kolka et al., 2011). Mercury has an affinity for organic matter in soils, 
including dissolved organic carbon (DOC), which is produced upon decomposition of 
organic matter. Previous research indicated that DOC concentrations were correlated to 
the Hg concentrations transported into nearby aquatic ecosystems, indicating that DOC 
can be important in the water transport of Hg to nearby ecosystems (Driscoll et al., 1995; 
Kolka et al., 1999a). Numerous studies have characterized the transport of total mercury 
(THg) or methylmercury (MeHg) from peatlands to surface waters during the ice-free 
season (Galloway & Branfireun, 2004; Kolka et al., 1999a; Kolka et al., 2011). Also, 
THg and MeHg have been studied during snowmelt (Mitchell et al., 2008), but research 
is incomplete for determining how freezing and thawing influences the movement of Hg 
in the pore water of peatlands. 
1.3 The freeze-thaw cycle and changes in physical properties 
Concrete frost occurs in peatlands when both water and peat freezes solid as a 
result of the high water content of peatlands (Verry, 1991). Hydrogen bonds between 
other water molecules exclude solutes from ice crystals (Kadlec, 1984; Kadlec et al., 
1988). This exclusion process is not completely understood. An early study assessed 
exclusion in a laboratory experiment using peat with overlying water containing chloride, 
phosphate, and copper (Kadlec, 1984). There was a strong exclusion of solutes from the 
ice when the peat columns had top-down freezing and a slow rate of freezing. Other 
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studies occurring in saturated peat have found a similar phenomena and have referred to 
it by terms such as “exclusion from ice,” “vertical solute movement,” and “solute 
segregation” (Kadlec et al., 1988; Verry, 1991; Verry et al., 2011b). From what little 
literature exists, it is apparent that freezing peat soils can lead to chemical differences 
between ice and unfrozen water, which could have influence on the depth distribution of 
Hg in pore waters. 
Research on thawing often focuses on snowmelt, aboveground impacts, and 
peatlands’ connectivity to streams (Mitchell et al., 2008; Verry et al., 2011b). Recently, 
thawing has been an important topic in permafrost environments. For example, Hodgkins 
et al. (2014) induced permafrost thaw and found increases in organic matter reactivity 
that resulted in an increase in methane and carbon dioxide fluxes. Soil thawing has also 
resulted in increased flux of gaseous Hg and the proposed mechanism was that expansion 
and contraction led to the physical evacuation of the Hg from pore space (Corbett-Hains 
et al. 2012). Similar mechanisms could take place in peatlands and possibly influence the 
Hg concentrations in the pore water. 
The freeze-thaw cycle is an abiotic disturbance that can cause physical and 
chemical changes in the soil (Corbett-Hains et al., 2012; Hodgkins et al., 2014; Matzner 
& Borken, 2008; Yu, 2013). The expansion and contraction process during freezing and 
thawing can affect the carbon, nitrogen, and phosphorus cycling in marsh soils of China 
(Yu et al., 2010). Specifically, the study found that after thawing there was an increase in 
DOC, ammonium, nitrate, and a decrease in total dissolved phosphorus in wetland soil 
solution. Freeze-thaw cycling can have impacts on nutrient release or retention due to 
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physical disruption from thawing of frozen soils (Corbett-Hains et al., 2012; Matzner & 
Borken, 2008; Yu et al., 2010). Physical disruption leading to nutrient release in wetland 
soils can then influence water quality in downstream ecosystems (Yu et al., 2010). It 
would follow that similar freeze-thaw mechanisms will influence soil water chemistry in 
northern peatlands as well.  
Henry (2007) did a review of freeze-thaw experiments in soils and found the 
overall impact on soil functioning to be unclear. In addition, one issue of previous freeze-
thaw studies was the use of homogenized soil and not intact soil cores. Intact soil cores 
keep the integrity of the soil and the depth profile complete (Henry, 2007). There were 
also modeling studies that aimed to understand freeze-thaw cycling of elements (Kadlec 
et al., 1988; Yi et al., 2006). Modeling studies need field data to confirm the modeling 
outcomes, so many researchers have turned to lab experiments where freeze-thaw cycling 
is simulated (Kadlec, 1984; Lu et al., 2010; Mohammed et al., 2014; Nagare et al., 2012a; 
Nagare et al., 2012b). Controlled laboratory conditions allow one to isolate certain factors 
that control freeze and thaw, thereby leading to a clearer understanding of the processes 
involved that influence soil water chemistry.  
1.4 Mercury 
Mercury is a chemical element that exists in many forms in the environment. 
Natural release of elemental Hg occurs from geological sources in the earth and unnatural 
release occurs from anthropogenic sources, such as fossil fuel burning. In the atmosphere, 
Hg can circulate or transform into inorganic Hg (Hg2+). Inorganic Hg can then combine 
with precipitation and deposit Hg onto Earth’s surface, referred to as atmospheric 
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deposition (United Nations Environment Program, 2013). Atmospheric Hg deposited into 
aquatic or terrestrial systems (Kolka et al., 1999b; Swain et al., 1992) can undergo 
methylation, thereby converting Hg into the toxic and bioavailable form 
monomethylmercury (HgCH3+, commonly called methylmercury and abbreviated as 
MeHg) (Kolka et al., 2011; Morel et al., 1998). Methylmercury is an organic Hg species 
that can bioaccumulate in fish, animals, or humans that consume aquatic organisms. High 
levels of Hg can impact human health, causing damage to the nervous system, brain, and 
kidneys. Women can pass Hg to their fetuses, resulting in harmful effects, such as brain 
damage (Agency for Toxic Substances and Disease Registry, 1999). Therefore, fish 
advisories are often more restrictive for women of childbearing age.  
Atmospheric deposition is important to peatlands, specifically bogs, because they 
are precipitation fed systems (Verry et al., 2011b; Verry et al., 2011c). Following Hg 
deposition to peatlands, sulfate-reducing bacteria within peat methylate Hg into MeHg 
(Branfireun et al., 1999; Gilmour & Henry, 1991). Mercury methylation depends on 
microbial activity, where higher microbial activity is associated with higher 
concentrations of MeHg (Celo et al., 2006). Temperature is also an important factor in 
determining microbial activity, and in the case of sulfate-reducing bacteria, warmer 
conditions lead to faster sulfate reduction (Sokolova, 2010) and presumably higher rates 
of methylation.  
Previous studies that focus on temperature impacts on the outputs of Hg from 
peatlands focus on summer, fall, and spring months, excluding winter. During the 
summer months, THg and MeHg have shown peak concentrations followed by a decrease 
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during the fall months (Lee et al., 1995; Wang et al., 2013). Spring studies show that THg 
concentrations increase (Lee et al., 1995; Rydberg et al., 2010) and the THg and MeHg 
flux increases during the thawing period (Mitchell et al., 2008). Winter months are more 
limiting for the collection of water, so there is a need for further research during that 
season to help understand both biological and physical aspects that freeze/thaw periods 
have on Hg movement and speciation. 
1.5 Description of study 
My study examined the dynamics of Hg in peat pore water during a full seasonal 
cycle to discover how temperature influences peatland pore water Hg, specifically when 
soils warm, freeze, and thaw. Investigating THg and MeHg during warming temperatures 
can provide insight into the impacts of climate warming on Hg species. Studying freeze-
thaw cycles can add to Hg research, because currently there is limited data on how 
freeze-thaw cycles affect peatland water concentrations of THg and MeHg and their 
depth distribution in the peat pore water. Also, climate change will affect the presence 
and duration of freezing and consequently impact any freezing mechanisms that occur. 
Large intact columns of peat extracted from an ombrotrophic bog had warm, 
freeze, and thaw cycles simulated in a temperature controlled laboratory experiment. As 
part of the warming treatment, two columns in heated temperatures were compared to 
two columns in ambient temperatures. During the freeze and thaw treatments, all four 
columns were subjected to the same treatment temperatures. Water samples were 
extracted during each temperature treatment. Two tracers were added to the surface of 
each column, sodium bromide to trace solutes and deuterium hydroxide to trace water 
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within the columns. The methodology used water sampling tubes across a depth layer to 
collect pore water underneath the ice in the peat columns. During each temperature 
treatment, water samples were taken at different depths and analyzed for THg, MeHg, 
DOC, and for tracers.  
1.6 Hypotheses 
During the warming treatment, I hypothesized that THg and MeHg concentrations 
would be higher in the heated sub-treatment than in the ambient sub-treatment because of 
greater biogeochemical processing with higher temperatures. Based on previous research 
indicating that solutes are excluded during ice formation, I hypothesized that ice 
formation in saturated peat will similarly exclude THg and MeHg from the ice structure, 
resulting in increasing concentrations in the pore water below the ice layer. As peat 
thaws, I hypothesized that THg and MeHg concentrations will increase throughout the 
peat columns due to freeze/thaw physical disruption and faster sulfate-reduction as 
temperatures increase. Studying the full seasonal cycle can provide a better understanding 
of temperature effects on Hg in peatland pore water and also expand understanding on the 
importance of the frozen period to the Hg cycle in northern ecosystems. 
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2. Methods 
2.1 Site location 
The USDA Forest Service’s Marcell Experimental Forest (MEF) in north central 
Minnesota was the site where collection of the peat columns occurred. The MEF is within 
the Chippewa National Forest and is 40 km north of Grand Rapids, Minnesota. The MEF 
has been a long-term research site since 1960. The research occurring at the MEF 
includes some of the longest-term monitoring of northern peatland ecosystems on the 
planet (Kolka et al., 2011). 
A peatland west of the S1 bog (informally called Jennie’s bog) was selected for 
my research because the deep profile of peat allowed for the collection of 60 cm tall 
columns and the site was readily accessible (Figure 1). This peatland is an ombrotrophic 
bog and is dominated by mature black spruce (Picea mariana), ericaceous shrubs, and 
Sphagnum mosses. Soil columns were extracted in the bog hollows and not near the lagg 
(Verry et al., 2011b). All columns were extracted within a 100 m2 area. 
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Figure 1. Study site location 
Map of the MEF in northern Minnesota, separated into a north unit and a south unit. The study site, Jennie’s 
Bog (JB), is shown in red in the south unit of MEF and is west of the S1 bog. Image from the USDA Forest 
Service Northern Research Station (n.d.). 
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2.2 Peat column set-up 
Five polyvinyl chloride (PVC) columns with a diameter of 30 cm and a height of 
60 cm were pounded into the hollow of the bog (Figure 2). The bottoms of the columns 
were beveled to push easily into the peat, while roots were cut with a saw along the 
outside of the columns. To extract the column, one side was dug out, and a steel plate was 
placed underneath the column. Ratchet straps were attached to the plate and the column 
was extracted from the bog. The peat column was placed into a 30 cm flexible PVC end 
cap (Figure 2). A total of five peat columns were collected on May 26, 2015. One column 
was used to develop pore water sampling methods, while the remaining four columns 
were used for the final research experiment. Columns were randomly labeled column A, 
column B, column C, and column D. Shortly after extraction, columns were transported 
to the University of Minnesota and placed in a temperature controlled cold room.  
 
Figure 2. Peat column collection 
(1) PVC column was pounded into the peat. As shown, there was little to no compaction as the column 
surface was identical to the soil surface outside the column. (2) One side was dug out and plate was slid 
under column. (3) Ratchet straps were attached to plate. (4) Column was lifted from the bog and placed 
into an end cap. 
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Thermocouples were used to measure temperature at 5 cm, 10 cm, 15 cm, 20 cm, 
25 cm, 30 cm, and 35 cm in the bog and within each column. For bog temperatures, a 
Campbell CR1000 data logger was programmed to take temperature every 10 minutes 
from thermocouples within the peat at the specified depths. For peat column 
temperatures, thermocouples were inserted into the columns by drilling holes into the 
sides of each column at the specified depths. Each thermocouple was slowly pushed 
directly into the peat, ensuring that the temperature reading was taken from the center of 
the column (Figure 3). The thermocouples were threaded through clean silicone stoppers 
and secured to the sides of each column. The stopper and thermocouple were sealed with 
silicone caulk to prevent leakage. Fourteen thermocouples (7 depths in 2 columns) from 
two columns were programmed into a Campbell CR1000 data logger to take temperature 
every 10 minutes. The two remaining columns had separate Campbell 21X data loggers 
with seven thermocouples each and were programmed to take temperature every 10 
minutes. Peat temperature was determined prior to water sampling, where readings below 
0°C were considered frozen for sampling purposes and above 0°C were considered 
thawed. 
Perfluoroalkoxy (PFA) tubing with 6.35 mm outer diameter and 3.97 mm inner 
diameter were used for water sampling within the columns. To perforate the tubing, a 
drill press with a 1.59 mm drill bit was used to punch small holes through the tubing at 
one-centimeter increments starting 2.54 cm from the ends of the tubing. The perforation 
avoided the tubing ends so that water collection only occurred within the center of the 
columns. Tubing was threaded through clean silicone stoppers to limit water leakage 
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from the column; tubing and silicone stoppers were cleaned following US EPA Method 
1631 (Telliard & Gomez-Taylor, 2002). Tubing was then inserted into the side of each 
column at depths of 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, and 35 cm. The tubes 
were pushed directly across to the other side of the column (Figure 3). If water leakage 
occurred around the silicone stopper, silicone caulk and/or hydrophilic polyurethane 
caulk were used. At each sampling depth within a column, three tubes were connected 
with two 6.35 mm polypropylene union tees. The ends of the tubes protruding from the 
column were capped with a heat shrink tube and a closed end of 6.35 mm PFA tube 
(Figure 4). The closed end cap on the tubing prevented water from flowing out the 
column when water sampling was not occurring. 
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Figure 3. Column set-up 
(1) Open column top, (2) Black circles show the locations where tubes were inserted and blue “T”’s 
show locations of thermocouples, (3) Shown from the top how tubes and thermocouples were inserted 
at an individual layer, (4) Tube tees connected tubes from the outside and a cap on the sampling tube, 
and (5) Blue thermocouple inside the column is connected to a data logger to record temperature. 
 
 
 
 
 
Figure 4. Columns after thermocouple and tubing implementation 
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Two wooden carts were constructed to store the four peat columns during the 
experiment (Figure 5). Both carts were insulated with the same materials and in equal 
quantities. The bottom of both carts had 41.91 cm of polystyrene insulation boards (R-
82.50), each side had 11.43 cm of polystyrene insulation boards (R-22.50), and the top 
had 3.81 cm of polystyrene insulation boards (R-7.50) with two openings for the column 
tops to be exposed. Columns were wrapped in dense 1.90 cm thick polyethylene foam 
and the remainder of the space was filled with fiberglass insulation (R-13.00). The front 
of the cart was covered with a sheet of dense 1.90 cm thick polyethylene foam and 
secured with 5.08 cm Velcro strips. Any small open spaces were filled with expanding 
spray foam (Figure 5). 
 
 
 
Figure 5. Cart insulation set-up 
(1) Cart with sheet insulation, (2) Fiber glass insulation covering columns, and (3) Dense polyethylene 
foam covering front of cart with expanding foam used for small gaps. 
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Following the first two peat column water samplings, ultrapure deionized (DI) 
water was added to each column until the water reached 2.54 cm above the peat surface. 
The purpose of the DI water addition was to have saturated conditions in the columns 
before going into the freezing treatment. The next water sampling occurred 57 days after 
this DI water addition, which allowed ample time for water to mix in the peat column; a 
similar procedure was used by Yu et al. (2010). 
To monitor freezing exclusion of isotopes in the columns, sodium bromide 
(NaBr), a solute tracer, was added. This tracer was chosen because of its very low 
concentrations in peat. In previous tracer studies, bromide has shown downward 
movement in peat (Baird & Gaffney, 2000; Meiri, 1989). NaBr was added to each 
column by adding 50 mL of a 38.55 mg L-1 NaBr solution to the surface of each column.  
To trace water through the column, deuterium hydroxide (D2O) was added. This 
tracer is often used to monitor water movement and behaves conservatively (Kendall & 
Caldwell, 1998). One gram of D2O was added to three liters of DI water and 100 mL of 
this solution was added to the surface of each column.  
2.3 Temperature treatments 
The temperature treatments simulated in the peat columns were in sequence with 
field temperatures throughout the annual cycle. Peat column collection occurred after 
peat had thawed in May, so columns were first warmed, followed by freezing and then 
thawing (Appendix A: Tables 1-3). 
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2.3.a Warming  
Simulated summer warming lasted for 107 days. During this warming treatment, 
the two carts (two columns per cart) were placed in the same greenhouse, but treated 
separately in temperature sub-treatments. One cart was in the ambient sub-treatment with 
a temperature mean ± standard deviation of 21 ± 4°C. The second cart was in a heated 
sub-treatment with a warmer temperature of 23 ± 4°C, with the use of heating lamps. The 
purpose of the heated sub-treatment was to study the effects of warming on peatland THg 
dynamics and MeHg production. During the warming treatment, the pore waters were 
sampled twice. Samplings occurred 29 and 74 days after warming began, both of which 
were prior to the addition of DI water and tracers. 
2.3.b Cool/warm fluctuations 
After warming, all columns were put into temporary cool/warm temperature 
fluctuations for 53 days, between -3°C and 17°C air temperature. Temperature 
fluctuations were designed to mimic the transition between summer, fall, and winter. One 
sampling of the pore water occurred 28 days after the temperature fluctuations began, this 
was during the final cooling period to get a pre-freezing sample. 
2.3.c Freezing  
Freezing included an initial cool down at an air temperature of -8°C for 6 days. 
Because the freezing threshold was not being reached, the air temperature was lowered to 
-17°C for 3 days. The columns were then returned to the -8°C air temperature for 11 days 
where they froze down to a 30 cm depth. Pore water sampling occurred three times 
during this freezing treatment, 7, 8, and 9 days after the freezing began. The columns 
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were in the freezing treatment for a total of 20 days prior to the beginning of the thawing 
treatment. 
2.3.d Thawing 
Columns were thawed for 44 days in a room having a fixed air temperature of 
19°C. Four pore water samplings took place during this thawing period. The first 
sampling occurred when the top layer was thawed (i.e. >0°C), one day after thawing 
began. The second sampling occurred when 0-25 cm was thawed, eight days after 
thawing began. The third and fourth sampling occurred when all layers were thawed, 
specifically 16 and 23 days after thawing began. It took a total of 14 days for all layers of 
all the columns to be above 0°C.  
2.4 Water sampling 
Supplies for sampling water from columns were prepped following US EPA 
method 1631, including cleanroom techniques and procedures for handling samples 
(Telliard & Gomez-Taylor, 2002). Sampling from the columns involved attaching the 
column’s PFA tubing to a PFA two port impinger and cap that was attached to a sterile 
125 mL polyethylene terephthalate glycol-modified (PETG) bottle. The second port on 
the impinger was attached to a high-capacity vacuum pump. When the vacuum was 
turned on, the sample flowed from PFA tubing directly into the PETG bottle with an 
impinger closure. This allowed for a clean sample with minimal contamination. After a 
sample was taken, the PETG bottle was capped, double bagged, and stored on ice. At 
each depth, a sample of 120 mL was taken if possible. Water sampling procedures were 
followed by the US EPA method 1631 (Telliard & Gomez-Taylor, 2002). Each 120 mL 
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sample was divided into separate aliquots for three types of analysis. A 35 mL subsample 
was poured into a clean HDPE bottle for ion chromatography and DOC analysis. A 3 mL 
subsample was poured into a dry glass vial and sealed with Parafilm for oxygen isotope 
analysis. The remaining sample was preserved with 0.25 mL trace metal grade HCl for 
Hg analysis. 
In the field, eight piezometers constructed from 5.08 diameter PVC were used to 
sample bog pore water at 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, and 35 cm depths. 
Piezometers had slits 2.50 cm above and below the desired sampling depth, establishing a 
screen length of 5 cm. Slits were made using a hacksaw at 1 cm increments over the 
screen length and located on both sides of the PVC tube. Before sampling, water was 
pumped from the piezometer a few days before to allow fresh water to accumulate. On 
the day of sampling, the water was pumped through a Teflon sampling tube and into a 
PTFE bottle that was rinsed with the pore water three times before the actual 125 mL 
sample was taken. Samples analyzed for Hg were preserved with 1 mL of trace metal 
grade hydrochloric acid (HCl).  
The samples intended for Hg analysis were filtered using a 47 mm single stage 
filter apparatus with Whatman glass microfiber filters and a PFA clamp. The filters 
included a Whatman Grade GF/C prefilter and a Whatman GF/F filter, to retain particles 
down to 0.70 micrometers. The samples were filtered into a sterile PETG bottle 
according to US EPA method 1631, clean Hg protocols (Telliard & Gomez-Taylor, 
2002).  
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2.5 Bulk density 
A Russian peat corer (Macaulay) was used to take peat samples for bulk density 
and von Post measurements from the practice column that was used to develop pore 
water sampling techniques. The peat samples for bulk density were sectioned 1.50 cm 
above and below the desired sampling depths of 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 
cm, and 35 cm. The von Post H values were measured according to Verry et al. (2011a). 
Three peat cores were taken to measure von Post and bulk density and averaged to get a 
mean for each depth. For bulk density, the peat was oven dried at 70°C for 72 hours. 
Bulk density was calculated by dividing the oven dry mass (g) by the volume of the 
sample (cm-3) (Verry et al., 2011a).  
2.6 Chemical analysis 
2.6.a Mercury analysis 
Samples from the bog and peat columns were analyzed for Hg in a clean room lab 
at the University of Minnesota. Total mercury analysis was done with a Tekran Model 
2600 CVAFS Mercury Analysis System according to US EPA method 1631 (Telliard & 
Gomez-Taylor, 2002). The Tekran Model 2600 used an in-vial sparging configuration 
(IVS) and detected THg by cold vapor atomic fluorescent spectrophotometry (CVAFS). 
Prior to analysis, samples were digested by adding 2 mL of bromine monochloride (BrCl) 
per 100 mL of sample and heated overnight at 70°C. Then, 25 mL of sample went into a 
glass vial and was diluted, pre-reduced with hydroxylamine hydrochloride, and then 
reduced with stannous chloride. Also, 1 mL of isopropyl alcohol was added to reduce 
foaming of samples. For quality assurance and quality control (QA/QC), each sample run 
  20 
included an analysis of analytical blanks, digestion blank analytical standards, sample 
duplicates, digestion duplicates, and matrix spikes. Reference materials from National 
Institute of Standards and Technology (2014) were used and only samples with 
acceptable QA/QC were included in the results. 
Methylmercury analysis was analyzed using a Tekran Model 2700 Methyl 
Mercury Analyzer using USA EPA method 1630 (Telliard, 1998). Analysis occurred by 
separating MeHg from other Hg species by capillary gas chromatography and 
concentration determined by CVAFS. The sample was poured into a Teflon impinger 
vessel up to the 35 mL level of a reference vial and then 0.157 mL of 1% ammonium 
pyrrolidine dithiocarbamate (APDC) was added. The sample was distilled until 30 mL of 
distillate was obtained, and the distillate was placed in a 40 mL iChem vial. Ascorbic 
acid, a 4.5 pH acetate buffer, and a sodium tetraethyl borate solution were added to these 
vials. The volume was brought up to 35 mL with ultrapure DI water and the vials were 
tightly capped. The vials were placed in the Tekran autosampler and analyzed. The 
QA/QC is similar to that for THg analysis. 
2.6.b Water isotope analysis 
Water isotope composition from the bog and peat columns were analyzed at the 
University of Minnesota with a Los Gatos Liquid Water Isotope Analyzer DLT-100 
coupled with a PAL autosampler. This instrument had a precision of +/- 1.0% for the 
deuterium isotope (Griffis et al., 2016). Deionized water added to the columns had -60 
Delta D (δD) and was used as a reference to the bog and peat column results.  
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2.6.c Bromide analysis 
Unfiltered water samples from the peat columns were analyzed on an ion 
chromatograph at the chemistry lab of the USDA Forest Service Northern Research 
Station in Grand Rapids, MN. The detection limit for bromide was 0.05 mg L-1 and EPA 
method 300 protocols were followed (Pfaff, 1993). 
A binary mixing model was used on the NaBr tracer data (Eberts et al., 2013).  
 X1=(Cmix-C2)/(C1-C2)*100 
Where X1 was the percent of the added bromide (or C1) in the mixture, C1 was the added 
bromide concentration (mg L-1), C2 was the initial bromide concentration (mg L-1), and 
Cmix was the concentration taken from the column after addition. 
The formula was used separately by depth within each column, including the top (5-
10 cm), middle (15- 25 cm), and bottom (30-35 cm) of the column. Furthermore, the data 
were arranged by sampling date before computing the bromide mixing model. The 
original concentration (C2) within the columns was considered 0 mg L-1 based on the bog 
pore water and the practice column with no additions both having bromide concentrations 
that were below the detection limit. The added bromide concentration (C1) on all the 
columns was estimated to be 2 mg L-1 in the top standing water based on source water 
concentration. Mixed fractions/percentages/amounts were estimated using these end 
member concentrations.  
2.6.d Dissolved organic carbon analysis 
Water samples from the peat columns were analyzed for DOC on a Shimadzu 
TOC-LCPH combustion analyzer at the chemistry lab of the USDA Forest Service 
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Northern Research Station in Grand Rapids, MN. Samples were filtered with Whatman 
Grade GF/F syringe filters with 0.7 micrometer pore size prior to analysis. The detection 
limit for DOC was 0.5 mg L-1 and EPA method 415.3 protocols were followed (Potter & 
Wimsatt, 2005). 
2.7 Data analysis 
There were a total of ten sampling dates grouped within four temperature 
treatments: two sampling dates during warming, one sampling date during cooling, three 
sampling dates during freezing and four sampling dates during thawing (Appendix A: 
Table 2). My analysis focuses on the warming treatment, the freezing treatment, and the 
thawing treatment. The first thawing sampling date was excluded from the data analysis 
because it did not provide enough sample volume for analysis.  
Throughout the analysis, the data was organized and graphs were made in the R 
statistical program or in Microsoft Excel. A one-way ANOVA was performed in R on the 
water chemistry data based on the temperature treatment, depth, and sampling date. 
Following this analysis, a Tukey’s range test was performed to assess significant 
comparisons. An independent t-test was performed in R for a column comparison and 
THg depth trends during freezing (R Core Team, 2016). 
Deionized water was added onto each column at the end of the warming 
treatment. The results following warming could be confounded by this addition because 
of dilution in the columns. To take out the effect of dilution, the data was standardized by 
dividing the Hg concentrations by the initial warming Hg concentration at the 
corresponding column and depth. The result was then converted into a percentage. Only 
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column depths with samples from all three treatments were included in the analysis. This 
data was identified as standardized THg, MeHg, or MeHg:THg.  
To calculate the ratios of Hg to DOC, THg and MeHg were converted into the 
same units as DOC (mg L-1) and then divided by the DOC concentration. This ratio was 
then presented as a logarithm because of the large scale difference between Hg and DOC 
concentrations (Mitchell et al., 2008). Additionally, the THg and MeHg concentrations 
per gram dry weight soil were calculated. The pore water THg and MeHg concentrations 
(ng L-1) were converted into ng cm-3 and then divided by the bulk density (g cm-3) at the 
corresponding depth to get Hg concentrations in ng g-1. 
 
3. Results 
3.1 Temperature 
During warming, two heated sub-treatment columns (A and C) were in 23°C air 
temperature and two ambient sub-treatment columns (B and D) were in 21°C air 
temperature. Even with a 2°C air temperature difference between the heated and ambient 
sub-treatment, peat temperatures fluctuated within a similar range (Figure 6). All 
columns had the same simulated temperatures during the freezing and thawing treatments 
(Figure 6 beginning November 13). 
During warming, there were no strong differences in temperature with depth in all 
columns (Figure 7, Warming #1, #2). During freezing, temperatures changed with depth 
as ice formation occurred from the top to the bottom of the column (Figure 7, Freezing 
#1, #2, #3). During thawing, the bottom of the column remained colder than the top 
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(Figure 7, Thawing #2, #3, #4). As a result, the freezing and thawing treatments 
mimicked the ice front sequence, as it would occur naturally. When columns were treated 
the same, during cooling, freezing, and thawing, temperatures by depth in the columns 
were similar indicating that the insulation techniques were equal among all columns and 
the insulation successfully mimicked general field conditions (Figure 7).  
 
 
Figure 6. Temperature profile of heated and ambient columns 
Red represents heated sub-treatment and blue represents ambient sub-treatment. Warming treatment 
is from July 28-Nov 13, temperature fluctuations and freezing from Nov 13-Jan 15, and thawing 
treatment from Jan 15-Mar 9.  
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Figure 7. Temperature depth profile in each column 
Temperature was averaged at each thermocouple depth four hours prior to the corresponding sampling 
time. Each column represents a different color based on the warming temperature treatments, red and 
yellow as the initial heated sub-treatment and blue and green as the initial ambient sub-treatment. 
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Bog temperatures from the field were collected at the same depths and time 
intervals as in the columns from September 25, 2015 to May 02, 2016. This time period 
corresponds to the initial cooling, freezing, and part of thawing of the columns in the lab. 
When the bog temperatures were compared to the columns, the temperatures by depth 
were similar (Figure 8). Both show the shallow depths having more fluctuation than the 
deeper depths. Because we intentionally sped the freeze/thaw processes, columns were 
more abrupt in their responses to temperature treatments and were less gradual than in the 
bog (Figure 8). The columns experienced temperature change in the 27 days of the 
experiment that naturally took 237 days (Figure 8). The length of the process is different 
in the columns and bog, but the temperature changes with depth were effectively 
simulated and this was the essential aspect to testing the hypotheses.  
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Figure 8. Column and bog temperature profiles 
Column temperature profile (top graph) compared to bog temperature profile (bottom graph). Both 
show cooling, freezing, and part of thawing of the thawing cycle. This cycle took 27 days in the column 
experiment and 237 in the bog environment.  
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3.2 Tracers 
Sodium bromide was added to the columns during the warming treatment and the 
pore water was sampled 38 days later during the cooling period, just prior to the freezing 
treatment. Prior to tracer addition, column pore water and DI water added to the columns 
had bromide concentrations of 0 mg L-1. The detection limit for bromide was 0.05 mg L-1. 
Column bromide concentrations were above the detection limit at 5 cm, 10 cm, and 15 
cm during the freezing treatment. Mean bromide concentrations during freezing showed a 
strong decrease with depth (Figure 9), demonstrating that solutes were slowly moving 
down the column. Each depth had a standard deviation less than 0.09 mg L-1. Followed 
by the thawing treatment, all means were below the detection limit (Figure 9). The bulk 
density of the peat could be impacting the movement of the tracers down the column. The 
bulk density of the peat in the top 5 cm and 10 cm of the column was 0.05 g cm-3, 
increased to 0.09 g cm-3 at 15 cm, and then further increased to 0.12-0.13 g cm-3 at 20 
cm, 25 cm, 30 cm, and 35 cm (Table 1).  
 
Table 1. Bulk density and von Post means in peat column with depth 
 
Depth (cm) Bulk Density (g cm-3) von Post (H value) 
5 0.05 3 
10 0.05 3 
15 0.09 4 
20 0.12 5 
25 0.12 6 
30 0.13 7 
35 0.12 8 
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Figure 9. Bromide depth profile 
Freezing and thawing graphs show the column bromide means at each depth during the two 
temperature treatments. Initial bromide means in columns prior to sodium bromide addition was 
0 mg L-1. The bromide detection limit at 0.05 mg L-1 is shown as the dashed line. 
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A binary mixing model (Eberts et al., 2013) indicates 7.5% of the solutes at the 
top of the column came from the surface water and 92.5% came from the area 
surrounding the sampling point (Figure 10). Through the rest of the sampling dates, there 
was a strong decrease in the percentage of bromide received from the surface. The lower 
depths show a slight increase in the percentage of bromide from the top of the column 
following the initiation of the freezing treatment on 01/12/16 showing some movement of 
the solutes down the column (Figure 10).  
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Figure 10. Bromide mixing model 
Results from the bromide mixing model calculations (Eberts et al., 2013). Analysis separated the depths into 
top, middle and bottom for each sampling date. 
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Deuterium hydroxide was added to the columns and the pore water was sampled 
11 days later during the cooling period, just prior to the freezing treatment. The initial 
Delta D (δD) mean values from the bog pore water and from the DI water addition were 
used to compare δD results from the columns. Column depths 5 cm, 10 cm, and 15 cm 
showed increased means compared to bog means and DI water during the freezing 
treatment (Figure 11). Results from a one-way ANOVA and Tukey’s range test showed 
that the column δD was significantly increased from the bog δD at 5 cm and 15 cm 
during freezing (p<0.05). Column δD was also significantly increased from the DI water 
δD at 5 cm during freezing (p<0.05). The D2O tracer appeared to only reach the 15 cm 
depth during the freezing treatment, showing some vertical water movement in the upper 
column with limited water movement with depth. As with bromide, this could be related 
to the peat bulk density increase after 15 cm (Table 1). During the thawing treatment, 
there was a significant increase in column δD from bog δD at 25 cm and 35 cm (p<0.05), 
and no significance in column δD from DI water δD (Figure 11). Additionally, δD at 25 
cm and 35 cm significantly changed from freezing to thawing, showing traced water at 
the bottom of the column. Although, it was more difficult to get adequate volume for 
samples during the thawing treatment; only five water samples were analyzed for D2O. 
Because limited samples were analyzed, the results might not be representative of what 
was occurring across all the columns and depths during the thawing period.  
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Figure 11. Deuterium depth profile 
Freezing and thawing graphs show the column deuterium (δD) means at each depth during the two 
temperature treatments. Bog pore water δD means and DI water addition δD were used to compare to column 
δD means. Bog pore water demonstrates initial δD in the columns without deuterium or DI water addition.  
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3.3 Treatment effects on mercury species and DOC 
3.3.a Bog total mercury 
Water samples were taken in August, September and October from the bog at the 
MEF. Total mercury concentration in the bog pore water ranged from 3-24 ng L-1, with 
an occasional peak between 30-39 ng L-1 in the 20-30 cm depth increments (Figure 12). 
The bog data gives a baseline for the Hg concentrations to expect in the peat columns and 
was relatively consistent with the first set of column samples that normally ranged from 
2-33 ng L-1 and had peaks near 60 ng L-1 at 15-30 cm depth increments (Figure 13). 
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Figure 12. Total mercury depth profile for three bog field water samplings 
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3.3.b Column comparison during warming treatment 
During warming, the heated columns A and C had mean pore water THg 
concentrations of 8.82 and 16.07 ng L-1, respectively, whereas ambient columns B and D 
had mean pore water THg concentrations of 19.81 and 6.55 ng L-1, respectively (Table 2). 
Similarly, during the warming treatment, the heated columns A and C had pore water 
MeHg concentrations of 0.91 and 1.39 ng L-1, respectively, and ambient columns B and 
D had mean pore water MeHg concentrations of 1.05 and 0.84 ng L-1 (Table 2). An 
independent t-test between heated columns and ambient columns indicated that THg 
concentrations and MeHg concentrations did not significantly differ between the two 
warming sub-treatments (p>0.05). Columns B and C had high mean THg and MeHg 
concentrations during warming even though they were in separate sub-treatments. To 
determine if this pattern remained during the rest of the experiment, a one-way ANOVA 
and Tukey’s range test was run between columns and their THg and MeHg pore water 
concentrations during the freeze/thaw treatment. There were no significant differences 
between individual columns for both THg and MeHg pore water concentrations during 
the freeze-thaw cycle. Similarly, DOC concentrations were not significantly different 
between freezing and thawing treatments (Table 9, p>0.05). The columns were treated as 
four replicates through the remainder of the analysis because column comparison analysis 
showed no significant differences between the columns.  
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Table 2. Column comparison of THg, MeHg, and DOC 
Column comparison of mean ± standard deviation for pore water THg, MeHg, and DOC in the three 
temperature treatments. Data from all column depths were used in the calculation of the means and 
standard deviations. 
Column 
Temperature 
Treatment 
THg 
(ng L-1) 
MeHg 
(ng L-1) 
DOC 
(mg L-1) 
A 
Warming 
(Heated) 8.82 ± 3.15 0.91 ± 0.62 
 Freezing 3.27 ± 2.79 0.39 ± 0.39 157.45 ± 65.77 
Thawing 7.55 ± 4.07 0.17 ± 0.07 150.22 ± 23.46 
     
C 
Warming 
(Heated) 16.07 ± 17.85 1.39 ± 0.50 
 Freezing 2.94 ± 2.34 0.29 ± 0.07 136.71 ± 26.43 
Thawing 8.65 ± 9.78 0.34 ± 0.14 123.48 ± 8.99 
     
B 
Warming 
(Ambient) 19.81 ± 17.51 1.05 ± 0.69 
 Freezing 4.83 ± 3.11 0.53 ± 0.54 185.30 ± 46.90 
Thawing 11.91 ± 6.99 0.10 ± 0.10 157.00 ± 14.46 
     
D 
Warming 
(Ambient) 6.55 ± 3.25 0.84 ± 0.57 
 Freezing 3.10 ± 1.73 0.23 ± 0.18 115.72 ± 28.31 
Thawing 6.94 ± 4.35 0.20 ± 0.10 102.88 ± 11.92 
 
3.3.a Column total mercury 
The pore water THg depth profiles display how THg moves in the column with 
ice formation and thawing (Figure 13). The cooling period prior to freezing had THg 
concentrations at 5 cm ranging from 8-23 ng L-1 (Figure 13, Cooling). As freezing 
advanced, ice formed in the column and THg concentration below the ice ranged from 6-
10 ng L-1 at 10 cm, 3-6 ng L-1 at 15 cm, and 4-9 ng L-1 at 20 cm (Figure 13, Freezing #1, 
#2, #3). Different depths were sampled based on the location of the frozen layer but 
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lower depths were consistently sampled throughout the freezing treatment. The depth 
sampled below the ice showed a trend of having higher THg concentrations than the 
depths at the bottom of the column (Table 3). An independent t-test showed that the THg 
concentrations below the ice were significantly greater than the bottom during the first 
two freezing sampling dates for both pore water THg and THg per gram dry weight soil 
(Table 3, p<0.05). Both THg concentrations at the bottom of the columns slightly 
increased as freezing advanced down the column. A one-way ANOVA at the 35 cm 
depth determined that the increase by freezing sampling dates was not significant 
(p>0.05). During the thawing treatment, THg concentrations had a larger range from 1-26 
ng L-1 and had more variable concentrations with depth (Figure 13, Thawing #2, #3, #4), 
indicating a possible mixing of ice water with Hg-enriched excluded water.  
Table 3. Total mercury exclusion analysis 
Mean THg concentrations below the ice layer and at the bottom in the peat column are compared by a t-test 
during each freezing sampling date. Pore water THg are in ng L-1 units (white rows) and THg per gram dry 
weight soil are in ng g-1 units (gray rows). Bold p-values show significance of p<0.05. 
    
Significance 
Freezing 
sampling 
Location in 
column THg df t p 
1/12/16 
Below ice 7.98 ng L-1 3.91 -7.08 2.28E-03 
Bottom 1.51 ng L-1 
Below ice 0.14 ng g-1 3.07 -5.10 1.38E-02 
Bottom 0.01 ng g-1 
1/13/16 
Below ice 4.69 ng L-1 5.31 -2.56 4.80E-02 
Bottom 2.31 ng L-1 
Below ice 0.05 ng g-1 4.30 -3.42 2.39E-02 
Bottom 0.02 ng g-1 
1/14/16 
Below ice 5.76 ng L-1 2.40 -1.47 2.58E-01 
Bottom 3.31 ng L-1 
Below ice 0.05 ng g-1 2.29 -1.62 2.30E-01 
Bottom 0.03 ng g-1 
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Figure 13. Pore water THg depth profile for each column during nine samplings 
Columns represented by different colors based on the warming temperature treatment, red and yellow as the 
heated sub-treatment and blue and green as the ambient sub-treatment.  
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The THg pore water concentrations showed a significant relationship by 
temperature treatments and by sampling dates (Table 4, p<0.05). During warming, pore 
water THg mean ± standard deviation was 12.90 ± 13.47 ng L-1, then during freezing it 
was 3.60 ± 2.56 ng L-1, and during thawing it was 8.89 ± 6.00 ng L-1. A Tukey’s range 
test determined the significant relationships were a THg pore water decrease from 
warming to freezing and a THg pore water increase from freezing to thawing. An 
additional Tukey’s range test was run between individual sampling dates within 
treatments and showed the same general patterns of THg pore water concentrations, 
demonstrating significant changes throughout the full seasonal cycle (Table 4 and Figure 
14). Also, the THg per gram dry weight soil showed a significant decrease from warming 
to freezing when analyzed with a one-way ANOVA and Tukey’s range test by 
temperature treatment and sampling dates (Table 4, p<0.05). Due to the ice formation and 
availability of pore water, different depths were sampled throughout the experiment. 
Sampling different depths could be confounding the general pattern for THg, so data was 
grouped into the common sampling depths of 10-15 cm, 20-30 cm, and 35 cm and then 
analyzed. Because of limited water during the sampling dates, the 5 cm depth was not 
sampled throughout the experiment and therefore not included. Depth groupings of 20-30 
cm and 35 cm showed significant differences between temperature treatments for both 
THg pore water concentrations and THg concentrations per gram dry weight soil (Table 
5, p<0.05). A Tukey’s range test determined that at 20-30 cm the THg concentrations 
significantly decreased from warming to freezing (Table 5, p<0.05). At 35 cm, THg 
concentrations showed a significant decrease from warming to freezing, and significantly 
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increased from freezing to thawing (Table 5, p<0.05). These trends were the same as 
when all data was grouped together, demonstrating that the decreasing THg pattern from 
warming to freezing and increasing from freezing to thawing was not confounded by 
depth.  
 
 
 
Table 4. ANOVA table for Hg based on temperature treatments and sampling dates 
Pore water Hg concentrations are in ng L-1, MeHg:THg ratio is based on pore water THg and MeHg 
concentrations, and Hg concentrations per gram dry weight soil are in ng g-1. Parameters correspond to the 
number of temperature treatments or sampling dates in the ANOVA. The n corresponds to the number of 
water chemistry samples in the ANOVA analysis. Bold p-values show significance of p<0.05. 
    
Significance 
Variables 
 
Parameters n F p 
Temperature 
Treatment THg (ng L-1) 3 100 9.04 2.52E-04 
 MeHg (ng L
-1) 3 100 41.23 1.10E-13 
 MeHg:THg 3 100 18.65 1.41E-07 
	
THg (ng g-1) 3 100 8.42 4.24E-04 
	
MeHg (ng g-1) 3 100 32.62 1.47E-11 
Date THg (ng L-1) 8 100 2.89 6.44E-03 
  MeHg (ng L-1) 8 100 10.91 1.15E-10 
  MeHg:THg 8 100 6.94 4.20E-07 
		 THg (ng g-1) 8 100 3.27 2.52E-03 
		 MeHg (ng g-1) 8 100 8.12 3.17E-08 
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Figure 14. Total mercury concentrations in pore water of all peat columns 
Sampling dates are sectioned into the corresponding temperature treatments. The depths in the columns are 
separated into top, middle, and bottom positions and shown as different colors. 
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Table 5. ANOVA table for Hg based on depth groupings and during temperature treatments  
Pore water Hg concentrations are in ng L-1, MeHg:THg ratio is based on pore water THg and MeHg 
concentrations, and Hg concentrations per gram dry weight soil are in ng g-1. Parameters correspond to 
the number of temperature treatments and n corresponds to the number of water chemistry samples in the 
ANOVA analysis. Bold p-values show significance of p<0.05. 
 
    
Significance 
Depth 
Group Variables 
 
Para-
meters n F p 
10-15 cm Temperature treatment 
THg (ng L-1) 3 22 2.40 1.18E-01 
MeHg (ng L-1) 3 22 9.62 1.30E-03 
MeHg:THg 3 22 2.42 1.16E-01 
THg (ng g-1) 3 22 2.71 9.23E-02 
MeHg (ng g-1) 3 22 9.68 1.26E-03 
20-30 cm Temperature treatment 
THg (ng L-1) 3 49 4.67 1.43E-02 
MeHg (ng L-1) 3 49 21.93 2.04E-07 
MeHg:THg 3 49 17.60 2.11E-06 
THg (ng g-1) 3 49 4.91 1.16E-02 
MeHg (ng g-1) 3 49 21.52 2.53E-07 
35 cm Temperature treatment 
THg (ng L-1) 3 26 7.43 3.24E-03 
MeHg (ng L-1) 3 26 15.51 5.43E-05 
MeHg:THg 3 26 5.10 1.47E-02 
THg (ng g-1) 3 26 7.45 3.21E-03 
MeHg (ng g-1) 3 26 15.24 6.10E-05 
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3.3.b Column methylmercury 
The overall trend with pore water MeHg in all columns throughout the experiment 
was a decrease from warming to thawing (Figure 15). During warming, pore water MeHg 
mean ± standard deviation was 1.06 ± 0.61 ng L-1, then 0.37 ± 0.36 ng L-1 during 
freezing, and 0.17 ± 0.11 ng L-1 during thawing. A one-way ANOVA and Tukey’s range 
test was run on this relationship and indicated there was a significant decrease in MeHg 
from warming to freezing and also from warming to thawing (Table 4, p<0.05). Also, the 
MeHg per gram dry weight soil showed a significant decrease from warming to freezing 
and a significant decrease from warming to thawing when analyzed with a one-way 
ANOVA and Tukey’s range test (Table 4, p<0.05). Similar to THg, MeHg concentrations 
were grouped into common sampling depths of 10-15 cm, 20-30 cm, and 35 cm. Depth 
groupings of 10-15 cm, 20-30 cm, and 35 cm showed a significant relationship by 
temperature treatments (Table 5, p<0.05). A Tukey’s range test determined that all depth 
groupings showed a significant decrease in MeHg pore water concentrations from 
warming to freezing and also from warming to thawing. The same result was determined 
for MeHg concentrations per gram dry weight soil. For both MeHg concentrations, the 
same decreasing trend was seen with all data together, showing that the MeHg decrease 
during the experiment was not confounded by depth. Overall, MeHg concentrations 
showed significant changes through the full seasonal cycle. 
During the freezing treatment, ice advanced down the column and MeHg 
concentration below the ice was compared to MeHg concentration at the bottom of the 
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column (Table 6). The depth sampled below the ice had a slightly higher MeHg 
concentration than the depths at the bottom of the column. However, an independent t-
test indicated that the MeHg concentrations below the ice were not significantly greater 
than the bottom during all freezing samplings for both MeHg pore water concentrations 
and MeHg concentrations per gram dry weight soil (Table 6, p>0.05). Unlike THg 
concentrations, the MeHg concentrations at the bottom of the columns slightly decreased 
as freezing advanced down the column. A one-way ANOVA at the 35 cm depth 
determined that the decrease by freezing sampling dates was not significant. These results 
show lack of evidence for MeHg exclusion from the ice.  
 
Table 6. Methylmercury exclusion analysis 
Mean MeHg concentrations below the ice layer and at the bottom in the peat column are compared by a t-
test during each freezing sampling date. Pore water MeHg are in ng L-1 units (white rows) and MeHg per 
gram dry weight soil are in ng g-1 units (gray rows). No differences were seen at p<0.05. 
    
Significance 
Freezing 
sampling 
Location in 
column MeHg df t p 
1/12/16 
Below ice 0.480 ng L-1 3.92 -0.92 4.13E-01 
Bottom 0.299 ng L-1 
Below ice 0.009 ng g-1 3.15 -1.55 2.14E-01 
Bottom 0.003 ng g-1 
1/13/16 
Below ice 0.474 ng L-1 3.06 -1.00 3.90E-01 
Bottom 0.224 ng L-1 
Below ice 0.005 ng g-1 3.03 -1.24 3.01E-01 
Bottom 0.002 ng g-1 
1/14/16 
Below ice 0.927 ng L-1 2.07 -1.84 2.03E-01 
Bottom 0.162 ng L-1 
Below ice 0.008 ng g-1 2.06 -1.85 2.01E-01 
Bottom 0.001 ng g-1 
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The ratio of MeHg to THg (MeHg:THg) decreased during the experiment (Figure 
16). A one-way ANOVA and Tukey’s range test were run on this relationship and it was 
found that there was a significant decrease in MeHg:THg from warming to thawing and 
from freezing to thawing (Table 4, p<0.05). MeHg:THg also showed a significant 
decrease from warming to thawing and from freezing to thawing when grouped by 
common sampling depths, specifically at 20-30 cm and 35 cm (Table 5, p<0.05). This 
demonstrates that the MeHg:THg decrease during the experiment was not confounded by 
depth.  
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Figure 15. Methylmercury concentrations in pore water of all peat columns 
Sampling dates are sectioned into the corresponding temperature treatment. The depths in the columns are 
separated into top, middle, and bottom positions and shown as different colors. 
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Figure 16. MeHg:THg (%) in pore water of all peat columns 
Sampling dates are sectioned into the corresponding temperature treatment. The depths in the columns are 
separated into top, middle, and bottom positions and shown as different colors. 
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3.3.c Mercury dilution effect 
Both THg and MeHg pore water concentrations showed significant decreases 
from the warming treatment to the freezing treatment. The significant decrease could be a 
result of dilution, because there was an equal amount of DI water added onto each 
column at the end of the warming treatment. Data was standardized and then grouped by 
common sampling depths of 10-15 cm, 20-30 cm, and 35 cm (Table 7). Standardized data 
showed similar relationships as seen in the previous analysis for THg and MeHg (Table 
7). To determine if these relationships were still significant, a one-way ANOVA was run 
with the standardized data within the depth groupings and compared between temperature 
treatments (Table 8). The one-way ANOVA and Tukey’s range test results indicated a 
significant decrease in standardized THg from warming to freezing and significant 
increase from freezing to thawing (Table 8, p<0.05). Also, standardized MeHg results 
showed a significant decrease from warming to thawing and from warming to freezing 
(Table 8, p<0.05). The standardized MeHg:THg results do not show significant 
relationships at all depth groupings (Table 8, p>0.05). Overall, the results indicated that 
the DI water addition did not confound the results of THg or MeHg. After the addition of 
DI water, the columns equilibrated for 57 days before being sampled during the cooling 
treatment. Then it was 32 more days until the first freezing sample was taken. This 
appeared to be an adequate time for DI water to mix with pore water at the top of the 
columns. 
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Table 7. Standardized pore water THg, MeHg and MeHg:THg in percentages based on depth 
groupings in all columns 
 
Depth Group Variable 
Warming 
treatment 
(%) 
Freezing 
treatment 
(%) 
Thawing 
treatment 
(%) 
10-15 cm 
THg 100 45 90 
MeHg 100 41 8 
MeHg:THg 100 91 15 
20-30 cm 
THg 100 47 135 
MeHg 100 133 97 
MeHg:THg 100 491 107 
35 cm 
THg 100 28 91 
MeHg 100 22 27 
MeHg:THg 100 120 34 
 
 
 
Table 8. ANOVA table for standardized pore water THg, MeHg and MeHg:THg based on depth 
groupings and during the temperature treatments 
Parameters correspond to the number of temperature treatments and n corresponds to the number of water 
chemistry samples in the ANOVA analysis. Bold p-values show significance of p<0.05. 
 
    
Significance 
Depth 
Group Variables 
Para-
meters n F p 
10-15 cm Temperature treatment 
THg 3 12 6.03 2.18E-02 
MeHg 3 12 22.33 3.24E-04 
MeHg:THg 3 12 4.27 4.96E-02 
20-30 cm Temperature treatment 
THg 3 23 4.91 1.79E-02 
MeHg 3 23 0.26 7.70E-01 
MeHg:THg 3 23 1.62 2.23E-01 
35 cm Temperature treatment 
THg 3 11 17.02 8.74E-04 
MeHg 3 11 145.10 1.42E-07 
MeHg:THg 3 11 4.07 5.51E-02 
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3.3.d Dissolved organic carbon 
Dissolved organic carbon concentrations showed no significant changes with 
temperature treatments or by sampling date (Table 9, p>0.05). A one-way ANOVA and 
Tukey’s range test showed log THg:DOC was significantly different by temperature 
treatments and by sampling dates (Table 9, p<0.05), specifically an increase from 
freezing to thawing (Figure 17). A one-way ANOVA and Tukey’s range test showed log 
MeHg:DOC was also significantly different by temperature treatments and by sampling 
dates (Table 9, p<0.05), specifically there was a decrease from freezing to thawing 
(Figure 17).  
 
Table 9. ANOVA table for DOC, log THg:DOC ratios, and log MeHg:DOC ratios based on 
temperature treatments and sampling dates  
Parameters correspond to the number of temperature treatments or sampling dates in the ANOVA. The n 
corresponds to the number of water chemistry samples in the ANOVA analysis. Bold p-values show 
significance of p<0.05. 
    
Significance 
Variables Parameters n F p 
Temperature 
Treatment DOC 2 53 1.33 2.53E-01 
 log THg:DOC 2 48 30.81 1.36E-06 
 log MeHg:DOC 2 48 5.63 2.19E-02 
Date DOC 6 53 0.48 7.87E-01 
  log THg:DOC 6 48 7.63 9.70E-05 
  log MeHg:DOC 6 48 4.12 6.50E-03 
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Figure 17. Log THg:DOC means compared to log MeHg:DOC means during freezing and thawing 
Sampling dates are sectioned into the corresponding temperature treatment, freezing shown in blue and 
thawing shown in red. The top graph representing log THg:DOC means and the bottom graph representing log 
MeHg:DOC means. 
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3.4 Depth effects on mercury species and peat physical properties 
Concentrations of THg, MeHg, and DOC were averaged to get a mean ± standard 
deviation at each individual depth during the whole experiment (Table 10). Mean THg 
pore water concentrations decreased with depth after 15 cm and had the most variability 
at 15 cm, with a standard deviation of 16.27 ng L-1 (Table 10). A one-way ANOVA and 
Tukey’s range test showed that THg significantly decreased from 15 to 35 cm (Table 11, 
p<0.05). At 35 cm, THg mean concentration was lowest and had a small standard error 
(SE) of 0.46 ng L-1 (Figure 18). Mean MeHg concentrations also decreased with depth 
after 15 cm and had the most variability at 15 cm, with a standard deviation of 0.70 ng L-1 
(Table 10). At 35 cm, MeHg mean concentration was low and had a minimal SE of 0.06 
ng L-1 (Figure 19). Also, the THg and MeHg concentrations per gram dry weight soil 
significantly decreased from 15 to 35 cm (Table 11, p<0.05). Dissolved organic carbon 
means decreased with depth starting at 5 cm and had high variability at the 10 and 15 cm 
depths, with standard deviations of 45.54 mg L-1 and 44.89 mg L-1, respectively (Table 
10). A one-way ANOVA and Tukey’s range test showed there was a significant decrease 
with DOC concentrations from 15 to 35 cm (Table 11, p<0.05). At 35 cm, mean DOC 
concentration was lowest and had small SE of 3.67 mg L-1 (Figure 20). Total mercury, 
MeHg, and DOC data showed decreasing trends from 15 to 35 cm (Figures 18-20). The 
bulk density at 15 cm was 0.09 g cm-3 and increased to 0.12-0.13 g cm-3 after 15 cm 
(Table 1). Von Post values (degree of humification) increased with each depth layer, 
starting at 15 cm with a von Post value of H-4 (Table 1). The 15 cm depth appeared to be 
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an important zone in the columns for changes in THg, MeHg, DOC, bulk density, and 
degree of humification. 
 
Table 10. Depth comparison of THg, MeHg, and DOC in all peat columns 
Depth comparison for mean ± standard deviation of pore water THg, MeHg, and DOC in all columns 
during the whole experiment. All sampling dates, excluding the first thawing sampling, were included for 
THg and MeHg means and standard deviations. DOC was not sampled for during the warming treatment, 
so dates included for DOC means and standard deviations start at 12/11/15 and end at 02/17/16, excluding 
the first thawing sampling on 01/26/16. 
Depth (cm) 
THg 
(ng L-1) 
MeHg 
(ng L-1) 
DOC 
(mg L-1) 
5 13.65 ± 5.99 0.41 ± 0.67 223.35 ± 35.74 
10 13.25 ± 5.75 0.56 ± 0.51 173.76 ± 45.54 
15 13.25 ± 16.27 0.84 ± 0.70 175.98 ± 44.89 
20 8.96 ± 3.75 0.72 ± 0.61 146.60 ± 42.00 
25 7.64 ± 7.76 0.67 ± 0.68 145.86 ± 36.54 
30 9.49 ± 13.44 0.31 ± 0.36 136.68 ± 28.41 
35 4.00 ± 2.62 0.37 ± 0.35 117.25 ± 20.78 
 
Table 11. ANOVA table for Hg and DOC concentrations by depth in all peat columns  
Pore water Hg concentrations are in ng L-1, MeHg:THg ratio is based on pore water THg and MeHg 
concentrations, Hg concentrations per gram dry weight soil are in ng g-1, and DOC concentrations are in mg 
L-1. All sampling dates, excluding the first thawing sampling, were included for Hg ANOVAs. DOC, log 
THg:DOC, and log MeHg:DOC ANOVAs start at 12/11/15 and end at 02/17/16, excluding the first 
thawing sampling on 01/26/16. Parameters correspond to the number of depths and n corresponds to the 
number of water chemistry samples in the ANOVA analysis. Bold p-values show significance of p<0.05. 
    
Significance 
Variables Parameters n F p 
Depth 
THg (ng L-1) 7 111 2.666 1.90E-02 
MeHg (ng L-1) 7 111 2.207 4.81E-02 
MeHg:THg 7 111 4.201 7.99E-04 
THg (ng g-1) 7 111 12.63 1.17E-10 
MeHg (ng g-1) 7 111 3.993 1.23E-03 
DOC (mg L-1) 7 61 6.338 4.30E-05 
Log THg:DOC 7 56 1.666 1.49E-01 
Log MeHg:DOC 7 56 4.863 5.74E-04 
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Figure 18. Column depth profile with THg means 
Means and corresponding standard error for THg at each depth throughout experiment. 
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Figure 19. Column depth profile with MeHg means 
Means and corresponding standard error for MeHg at each depth throughout experiment. 
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Figure 20. Column depth profile with DOC means 
Means and corresponding standard error for DOC at each depth throughout experiment. 
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4. Discussion 
4.1 Mercury 
4.1.a Total mercury and methylmercury during warming 
Due to greater Hg biogeochemical processing at higher temperatures (Fu et al., 
2013; Wang et al., 2013), I hypothesized that the heated sub-treatment would have 
greater pore water THg and MeHg concentrations than the ambient sub-treatment. 
Previous studies observed that the warm season had consistently higher THg 
concentrations compared to the cold season in a water reservoir in China (Fu et al., 2013). 
Also, warming air temperatures in permafrost environments can lead to greater 
mobilization of THg (Klaminder et al., 2008; Rydberg et al., 2010). For MeHg it has been 
observed that with warmer temperatures, 4-10°C differences, the net MeHg 
concentrations increased in Arctic permafrost soil (Loseto et al., 2004; Yang et al., 2016). 
In my study, the 2°C higher temperature difference between the heated and ambient sub-
treatments did not result in significant differences in THg or MeHg concentrations in the 
pore water. A likely reason for the lack of significance differences was that the peat 
temperatures of both sub-treatments fluctuated between 19°C and 29°C, despite different 
mean air temperatures. A greater air temperature difference in my study may have 
improved the peat temperature distinction and possibly changed THg and MeHg 
concentrations as it did in previous studies. 
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4.1.b Total mercury and methylmercury during freezing 
During the freezing treatment in the peat columns, I hypothesized that THg and 
MeHg would be excluded from the ice structure and increase in the pore waters below the 
ice. The THg concentrations below the ice were significantly greater than at the bottom 
of the column during the first two freezing samplings. A greater THg concentration 
below the ice in the pore waters indicated exclusion of THg from the ice, which was 
further supported by the exclusion analysis of THg concentration per gram dry weight 
soil. In contrast, MeHg pore water concentrations and MeHg concentrations per gram dry 
weight soil did not significantly increase below the ice compared to the bottom of the 
column, signifying there was lack of evidence for MeHg exclusion from the ice. Kadlec 
and Li (1990) found that substances associated with particulate materials were more 
likely to be trapped in the ice due to lack of movement under diffusive forces. A small 
percentage of MeHg can be associated with particulates in wetlands (Hill et al., 2009), 
but even that percentage could be trapped in ice during the ice formation and result in 
lack of exclusion. Nevertheless, the results show that THg was excluded from the ice, 
demonstrating an important impact on THg during the freezing of peat. Climate change 
has the potential to impact this exclusion phenomenon with shortened cold seasons and 
more common mid-winter thawing in peatlands (Sebestyen et al., 2011). As a result, 
climate change could decrease the amount of time for solid ice formation and therefore 
limit THg exclusion from ice during winter months. A longer growing season might 
increase net Hg methylation and further increase Hg transport from the peatland 
(Rydberg et al., 2010; Stern et al., 2011). 
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Another finding during the freezing cycle was a significant decrease in the overall 
THg and MeHg concentrations in pore waters from warming to freezing. A possible 
explanation for the low THg concentrations in the pore water was that some THg 
adsorbed onto the peat substrate, since peat can adsorb Hg from water (Bulgariu et al., 
2009; Viraraghavan & Kapoor, 1995). Previous studies have found exclusion of solutes 
adsorbed onto the peat by analyzing peat below the ice (Kadlec, 1984; Kadlec et al., 
1988). I did not measure soil THg or MeHg; peat sampling was not consistent with my 
focus of sampling pore waters from intact peat columns. My explanation for MeHg 
decreases during freezing was that the cold temperatures influenced the sulfate-reducing 
bacteria and consequently the MeHg production. Previous research found that sulfate-
reducing bacteria are important in the methylation of Hg (Branfireun et al, 1999; Gilmour 
& Henry, 1991). Cold temperatures beginning at approximately 0.1°C indicated slow 
activity of sulfate-reducing bacteria resulting in reduced MeHg production (Sokolova, 
2010). After the columns received the DI water addition and mixed with the pore water, 
the columns were put into cool/warm temperature fluctuations. During the temperature 
fluctuations the sulfate-reducing bacteria likely didn’t begin methylation of Hg due to 
primarily low air temperatures during this time. Then as the peat columns froze, the low 
MeHg concentrations in the pore water remained reduced due to the freezing 
temperatures inhibiting MeHg production. 
4.1.c Total mercury and methylmercury during thawing 
Another hypothesis for this study was that THg and MeHg concentrations in the 
pore waters would increase during thawing. Yu et al. (2010) found increases in DOC, 
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NH4+-N, and NO3--N in wetland soil solution during thawing in wetland mineral soil 
columns. A mechanism that occurs in soils is the freeze/thaw disruption of 
macroaggregates and microaggregates resulting in previously inaccessible substrates 
being mobilized at faster rates (Matzner & Borken, 2008). A study specific to peat 
discovered that thawing increased rates of decomposition and in turn resulted in carbon 
release (Hodgkins et al., 2014). Corbett-Hains et al. (2012) found increases in gaseous Hg 
flux during thawing in mineral soil columns under different soil water contents. Their 
proposed reason for the increase in gaseous Hg was the physical disruption of the soil 
during the freeze-thaw transition, which caused a release from interstitial cracks formed 
in the soil matrix due to expansion and contraction (Corbett-Hains et al., 2012). 
Consistent with previous studies, thawing resulted in THg concentrations significantly 
increasing in the pore water of the peat columns in my study. To determine if this was the 
result of physical disruption or peat decomposition, future research should use Fourier 
transform infrared (FTIR) spectroscopy to investigate the structure of peat organic matter 
in the peat columns, similar to Hodgkins et al. (2014).  
Contrary to THg results, MeHg did not increase during thawing and rather 
significantly decreased from warming to thawing and showed no difference from freezing 
to thawing. This result conflicts with previous research on warm conditions during 
thawing resulting in increased activity of sulfate-reducing bacteria, subsequently 
increasing MeHg production (Sokolova, 2010). One explanation for a lack of increased 
MeHg concentrations could be that the columns experienced a relatively quick thawing. 
Air temperature was maintained at approximately 19°C, and it took 14 days for all 
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columns to completely thaw and 44 days for the whole thawing treatment. Yang et al. 
(2016) found that with longer warming incubations of organic soil, the MeHg production 
rate increased in the soil. Field studies have also found that MeHg concentrations are 
higher in late summer compared to spring MeHg concentrations (Lee et al., 1995; Wang 
et al., 2013). My study had water samples taken within the first 21 days of the 44-day 
thawing treatment. This short sampling interval might not have allowed enough time for 
Hg methylation in the pore water due to sulfate-reducing bacteria requiring higher 
temperatures to become active following freezing. 
MeHg:THg ratios significantly decreased from warming to thawing and from 
freezing to thawing. Constant et al. (2007) had found that MeHg:THg increased during 
spring months in a snowpack in the Arctic tundra and they proposed that MeHg 
production occurred in the snow. Loseto et al. (2004) also found that melting snow was a 
source of MeHg in arctic wetlands. My research lacked snow and showed significant 
decreases in MeHg concentrations and with MeHg:THg in the pore water from warming 
to thawing. Snow may be an important source of increased MeHg during spring 
snowmelt export from peatlands. 
The peat column results provide insight into the pore water Hg concentrations 
during thawing in the bog environment. In a study done at the MEF, it was found that 
spring snowmelt accounts for 26% to 39% of annual THg export from the peatland 
watershed and that Hg most likely originated from the snow, runoff from uplands, and 
from peat pore water (Mitchell et al., 2008). For MeHg, spring snowmelt accounts for 
22% to 23% of annual MeHg export from the peatland watershed and peat pore water 
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was the major source of MeHg export from the bog (Mitchell et al., 2008). My peat 
columns showed that pore water THg concentrations more than doubled during thawing 
and could be an important source of THg during snowmelt. Lee et al. (1995) confirmed 
that the largest output of THg from a peatland outlet occurs during spring flooding 
months. For MeHg results, my peat columns showed that pore water MeHg 
concentrations did not increase during thawing, which was contradictory to Mitchell et al. 
(2008). The lack of snow in my research could indicate that snow is a more important 
source of MeHg than pore water in the watershed export of MeHg during spring 
snowmelt (Constant et al., 2004; Loseto et al., 2004). On the other hand, Lee et al. (1995) 
found that concentrations of MeHg were much lower in the spring than in the summer in 
a peatland outlet, which supports the idea that sulfate-reducing bacteria needs time in the 
spring for sufficient warming to occur and for the bacteria to become active and start Hg 
methylation. Further investigation of the peat columns compared to the natural bog 
environment could uncover reasons for the lack of pore water MeHg increase during 
thawing. 
4.2 Dissolved organic carbon 
The DOC in peatlands has been associated with the water transport of Hg to 
nearby aquatic ecosystems (Driscoll et al., 1995; Kolka et al., 1999a). Relationships of 
Hg and DOC have connections to Hg mobilization, often during snowmelt periods 
(Mitchell et al., 2008). Mercury to DOC ratios indicate the source of Hg because of 
changes in DOC concentration in different hydrologic compartments where water is 
stored (Haynes & Mitchell, 2012; Mitchell et al., 2008; Schelker et al., 2011). My study 
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analyzed the changes within one hydrological compartment, peat pore water, and can be 
compared to field studies that are impacted by several hydrological compartments. 
Mitchell et al. (2008) found that THg:DOC increased after spring peak flow and they 
concluded that peatland runoff was an important source of THg. My results also found a 
significant increase in THg:DOC from freezing to thawing. Mitchell et al. (2008) found 
that MeHg:DOC varied with time and demonstrated initially low ratios in peatland 
watershed discharge, followed by increases later during the spring snowmelt period 
(Mitchell et al., 2008). My results also found an initial decrease in MeHg:DOC during 
thawing followed by a slight increase as thawing progressed (Figure 17). Peat pore water 
THg:DOC and MeHg:DOC results from the peat columns show that the ratios 
significantly changed in one hydrological compartment with the transition from freeze to 
thaw. 
4.3 Changes with depth 
The acrotelm refers to the top layers of peat, which can vary from 10-50 cm deep 
(Clymo, 1984). The layer is biologically active, has higher hydraulic conductivity, and 
has a higher rate of decay than the layer below (Clymo, 1984; Verry et al., 2011b). The 
catotelm refers to the layer below the acrotelm and is anaerobic, has low hydraulic 
conductivity, slow rate of decay, and consists of highly decomposed peat (Clymo, 1984; 
Verry et al., 2011b). Finding the exact boundary between the catotelm and acrotelm is 
challenging. Clymo and Bryant (2008) subdivided the two layers into three, with a 
transitional zone between acrotelm and catotelm, called the mesotelm. The mesotelm 
refers to a location with enhanced decomposition and rapid carbon turnover. A study at a 
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nearby bog at the MEF found the acrotelm to have low bulk density, the mesotelm to 
have slightly increased bulk density, and the catotelm to then have decreased bulk density 
(Tfaily et al., 2014). In my peat columns, 5-15 cm had low bulk density (0.05-0.09 g cm-3) 
and 20-35 cm had slightly higher bulk density (0.12-0.13 g cm-3) (Table 1). The transition 
from less to more dense peat in the columns was associated with significant decreases in 
pore water THg concentrations, THg and MeHg concentrations per gram dry weight soil, 
and DOC concentrations from 15-35 cm (Tables 4 and 9). Mean MeHg concentrations 
also showed decreases from 15-35 cm (Figure 19). The increased bulk density after 15 
cm indicated the location of the mesotelm in the peat, according to Tfaily et al. (2014), 
and also was the location where Hg and DOC concentrations decreased. In Siberian 
peatlands, it was found that Hg concentrations decreased with depth in peat and depended 
on the degree of decomposition, humification of plant remains, and oxidation barrier 
between the acrotelm and catotelm (Golovatskaya & Lyapina, 2009). In my study, Hg 
concentrations also decreased with depth and corresponded to increased von Post values 
or increased degree of humification (Table 1). Increased bulk density, increased degree of 
humification, and decreased Hg concentrations occurring after 15 cm in the peat columns 
perhaps all provide evidence of the mesotelm layer in the peat starting at 15 cm.  
4.4 Column mechanisms 
Peat columns froze from the top down as would occur naturally during the onset 
of winter (Figure 7). The insulation inhibited freezing from the sides and simulated the 
conditions of the natural peat environment. The water sampling procedures allowed 
samples to be taken directly below frozen peat layers during freezing or directly above 
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the frozen peat layers during thawing. It also allowed for clean water sampling and 
subsequent analysis of THg, MeHg, and DOC. The addition of tracers allowed for a 
better understanding of how solutes and water movement occurs within the columns. The 
bromide tracer decreased with depth, showing movement of solutes down the column. 
Bromide tracer concentrations were undetectable at 20-35 cm depths, demonstrating 
limited solute movement past 15 cm. The peat columns had increased bulk density in the 
peat after 15 cm and could be a reason that the solutes had limited movement past that 
depth due to a zone of dense peat. The deuterium tracer results showed water movement 
down the column and analysis indicated deuterium reached 15 cm during freezing and 
then reached 35 cm during thawing. Taking water samples during freezing and thawing 
might have impacted the movement of the water in the columns. 
When using new methodology, it is important to be critical of the procedures, 
identify oversights and suggest adjustments for future research. I would make the 
following changes: develop larger temperature differences in the warming sub-treatment 
columns, gather more data from the bog, seasonal collection and analysis of the peat 
itself, and improved collection of tracers. A greater temperature distinction between the 
heated and ambient sub-treatments would have been an improved approach to assess how 
warming influences Hg concentrations in peat pore waters. Mercury and other water 
chemistry data from the bog throughout a year would have helped in understanding 
whether the Hg changes found in the peat columns were comparable to what happens in 
the natural bog environment. Additional measurements, such as seasonal soil THg 
concentrations from the columns and bog could provide insight into any correlations with 
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the pore water results. Also, the concentration of tracer added to the columns could be 
increased in the hope of having more analyses above the detection limit. Taking into 
account these changes, future studies could use this method to analyze peat pore water for 
other constituents during the freeze-thaw cycle or expand to other types of experiments 
assessing the effect of cold or warming temperatures on peatland soils. 
 
5. Conclusions 
My study explored the dynamics of Hg in peatland pore water during conditions 
that mimicked seasonal transitions from warm temperatures during summer, freezing 
during winter, and then thawing during spring. Mercury was the focus of my study 
because of its prevalence in peatlands and its toxicity in the environment, especially in 
the bioaccumulative form, MeHg. Pore water THg and MeHg did not significantly differ 
between heated and ambient warming sub-treatments but did decrease from warming to 
freezing. Also, THg concentrations increased below the ice in the peat pore waters, 
indicating exclusion of THg from the ice structure. Then during thawing, MeHg 
concentrations further decreased and THg concentrations significantly increased. 
Generally, the results corresponded to my original hypotheses with the exception of the 
warming results and MeHg decreases during thawing. The warming sub-treatments did 
not have large temperature differences, which might explain the lack of significance in 
THg and MeHg concentrations. The lack of increase in MeHg concentrations during 
thawing was possibly the result of a quick thawing treatment, which did not allow enough 
time for sufficient temperatures to be reached for sulfate-reducing bacteria to begin 
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methylation. Dissolved organic carbon concentrations did not significantly change 
throughout the experiment, but THg:DOC significantly increased from freezing to 
thawing and MeHg:DOC significantly decreased from freezing to thawing. These results 
indicate that during the initial thawing of a peatland, THg:DOC would be increased and 
MeHg:DOC would be decreased in the pore water export from a peatland watershed. The 
peat columns had increased bulk density after 15 cm and higher von Post values that 
correlate to decreases in THg, DOC, and MeHg, which may be a possible indicator that 
the mesotelm was shallow in my peat columns. Based on what I learned from my 
research, future studies should investigate the freeze-thaw cycle to determine what shifts 
will occur with future climate changes. If for example the frozen soil period becomes 
shorter because of climate warming (like has been shown at the MEF), there will be a 
longer season for mercury methylation that could lead to additional contamination in the 
aquatic food web. Also, THg exclusion from ice could be an important mechanism to the 
Hg cycle and may no longer occur if there is a shorter period of frozen soil. This type of 
change could have large implications to nearby ecosystems and requires further study. 
Overall, I discovered that the biogeochemical cycle of Hg was impacted during the 
freeze-thaw cycle, demonstrating the importance of this time period in northern 
environments.  
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Appendix A 
 
 
Table 1. Summary of temperature treatments and the corresponding sub-treatments, 
columns, days in the temperature treatment, and number of water samplings dates. 
Order 
Temperature 
treatments 
Sub-
treatments Columns 
Days in 
the 
treatment 
Number 
of 
sampling 
dates Notes 
1 Warming  
Ambient B and D 
107 2 
  
Heated A and C   
2 Cool/warm fluctuations None A, B, C, D 53 1 
Provided 
pre-
freezing 
sample, 
“cooling” 
3 Freezing None A, B, C, D 20 3   
4 Thawing None A, B, C, D 44 4 
First 
thawing 
sample 
was not 
included 
in 
analysis 
 
 
 
Table 2. Sampling dates  
Sampling Date Sample Label 
Temperature 
Treatment Water Analysis 
08/25/15 Warming #1 Warming THg, MeHg 
10/09/15 Warming #2 Warming THg, MeHg 
12/11/15 Cooling Freezing THg, MeHg, DOC 
01/12/16 Freezing #1 Freezing THg, MeHg, DOC 
01/13/16 Freezing #2 Freezing THg, MeHg, DOC 
01/14/16 Freezing #3 Freezing THg, MeHg, DOC 
01/26/16 Thawing #1 Not included Not included 
02/02/16 Thawing #2 Thawing THg, MeHg, DOC 
02/10/16 Thawing #3 Thawing THg, MeHg, DOC 
02/17/16 Thawing #4 Thawing THg, MeHg, DOC 
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Table 3. Method steps 
Step Method 
Days after 
experiment 
began 
1 
Get supplies together: data loggers, thermocouples, perforated 
tubing, put stoppers through tubing and thermocouples, insulate 
carts, etc.   
2 Collect peat samples from Marcell, MN, transport, and store in UMN cooler   
3 Put thermocouples into columns and set up data loggers   
4 Put columns onto carts and complete insulation   
5 Carts moved to greenhouse at 21°C and 23°C 1 
6 Insert teflon tubing into columns 14 
7 First warming sampling (08/25/15) 29 
9 Second warming sampling (10/09/15) 74 
10 Add DI water to columns 80 
11 Sodium Bromide added to columns 99 
12 Carts moved into 3°C cooler 109 
13 Carts moved into 17°C room 126 
14 Deuterium hydroxide added to columns 126 
15 Carts moved into 3°C cooler 133 
16 Cooling sampling (12/11/15) 137 
17 Carts moved into -3°C freezer 137 
18 Carts moved into 17°C room to create temperature gradient 154 
19 Move carts into -8°C freezer 162 
20 Moved both carts into -17°C cooler 168 
21 First freezing sampling (01/12/16) 169 
22 Second freezing sampling (01/13/16)  170 
23 Third freezing sampling (01/14/16) 171 
24 Carts moved into 17°C room for thawing 182 
25 First thawing sampling (01/26/16) 183 
26 Second thawing sampling (02/02/16) 190 
27 All layers thawed (02/08/16) 196 
28 Third thawing sampling (02/10/16) 198 
29 Fourth thawing sampling (02/17/16) 205 
30 Completed thawing treatment 226 
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Appendix B 
Table 1. Supply list 
Supply Description Amount 
PVC pipes 30.5 cm diameter, 60 cm height 5 
Fernco Qwik cap 30.5 cm diameter, QC-112 5 
Wooden carts 109.2 cm X 76.2 cm X 162.6 cm dimensions, only 3 sides 2 
Rigid insulation boards  Owens Corning Foamular 150 R-7.5, 3.8 cm thick 10 
Polyethylene foam 1.9 cm thick, dense 1 roll 
Fiberglass CertainTeed fiber glass R-13 insulation 1 batt 
Fiberglass wrap Husky's painter's plastic sheeting 1 
Velcro 5.1 cm thickness 2 
Expanding foam Great Stuff, big gap filler 4 
Silicone stopper-thermocouple Fischer scientific, size 13D, Item#097041C 28 
Silicone stopper-tubing Fischer scientific, size 15D, Item#097041D 84 
Thermoouples Type T Thermocouple for temperature 28 
Cork borer Fischer scientific, Item#S50166B 1 
Silicone caulk GE 100% silicone 2 
PFA coiled tubing 6.4 mm outer diameter and 4.0 mm inner diameter 7.62 meter length 
Drill bit 0.16 cm, 1.27 cm 2 
Hydrophilic polyurethane caulk DeNeef Sweellseal WA polyurethane Waterstop caulk 2 
Polypropylene union tees Cole Palmer, 6.4 mm outer diameter, item#06382-10 56 
PFA Impinger closure 6.4 mm outer diameter two tube ports and cap 50 
PFA tubing end piece Heat shrink tubing and PFA tube with closed end 28 
PETG bottles Nalgene PETG Media Bottles, sterile 200 
HDPE bottles 50 mL volume 100 
Glass vials 3 mL volume 100 
Parafilm Parafilm M wrapping film 1 
Storage bags Heavy-duty specimen storage bags, different sizes 10 packs of 25  
Vacuum Gast high-capacity vacuum pump 1 
Campbell CR1000 data logger Serial to serial cord, USB to serial cord, and LoggerNet 1 
Campbell 21X data logger 
Cambell SC32B, serial to serial cord, and USB to serial 
cord 2 
Glass microfiber filters Whatman Grade GF/C 47mm diameter 100 
Glass microfiber filters Whatman Grade GF/F, 47mm diameter 100 
Filter apparatus 47 mm single stage filter apparatus with PFA clamp 50 
 
